Birds can absorb vitamin D 3 (cholecalciferol) from the diet or synthesise it endogenously in a UVB-light-dependant reaction in the skin. The best indicator of an animal's vitamin D status and its UVB exposure is the blood concentration of 25-OH-D 3 (calcidiol), which has a long half-life time of 2-3 weeks (Garcia et al., 2013) . Its synthesis in the liver is fast, rarely regulated and not influenced by calcium or phosphorus plasma levels. In the kidney, 25-OH-D 3 is hydroxylated into 1,25-(OH) 2 -D 3 (calcitriol), one of the most active metabolites, which has a short half-life time of 6-8 hr (Garcia et al., 2013) . This reaction is regulated tightly by calcium and parathyroid hormone (PTH) levels, growth hormone, prolactin and oestrogen as well as by negative feedback. The major role of vitamin D metabolites is the regulation of the calcium metabolism together with PTH and calcitonin, but they can also affect the immune system, the skin or tumour cells (Lumeij, 1994; de Matos, 2008; Shojadoost et al., 2015; Stanford, 2003 Stanford, , 2006a . In birds, about 99% of body calcium is stored in bones, and 1% is extracellular, either bound to proteins (30%-40%) such as albumin and vitellogenin forming a physiological inactive storage pool, or ionized (60%-70%) to the physiologically active form (iCa) (Lumeij, 1994; de Matos, 2008; Stanford, 2006a) .
Plasma concentrations of total calcium (tCa) are affected directly by changes in the concentration of calcium-binding proteins and in the female within the reproductive status. In contrast, in poultry, iCa levels during the egg-laying period are similar to the nonegg-laying period and are maintained within a narrow, species-specific range (de Matos, 2008; Stanford, 2006a) . Hyper-and hypocalcaemia and hypervitaminosis or hypovitaminosis D are reported in various bird species (Cousquer, Dankoski, & Patterson-Kane, 2007; Nain, Laarveld, Wojnarowicz, & Olkowski, 2007; Olds et al., 2015; Stanford, 2007; Tangredi & Krook, 1999; Woodhouse & Rick, 2016) . Total calcium levels as high as 9.98 mmol/L (40 mg/dl) can be physiologically observed during the egg-laying process due to increased oestrogen production and production of calcium-binding proteins (de Matos, 2008) .
Recommended and toxic levels of dietary vitamin D and required
UVB radiation for vitamin D 3 photoconversion are unknown for most avian species. They likely differ according to (a) the original ecological niche of the species or (b) the UVB radiation in the natural habitat, and are influenced by, for example melanin, feathers and cholesterol (Lupu & Robins, 2013; Schaftenaar & van Leeuwen, 2015) . Estimates of the vitamin D requirements for bird species differ greatly ranging for example from 200 to 500 IU/kg diet dry matter (DM) for ducks and geese (National Research Council USA, 1987) to 2,800 IU/kg for broiler chickens (Atencio, Edwards, Pesti, & Ware, 2006; Jiang et al., 2015) . According to the Council of the European Union (1970), a maximal level of 3,000 IU/kg diet for laying hens should not be exceeded. Animals might tolerate vitamin D levels of 4-10 times the requirement over a long period before suffering from intoxication (Crissey et al., 2005; National Research Council USA, 1987) .
Nevertheless, extrapolating vitamin D requirements from poultry to other bird species bears significant dangers. It is suggested that birds with adequate exposure to direct sunlight have no requirement for dietary vitamin D (de Matos, 2008; National Research Council USA, 1987) . Vitamin D intoxication due to excessive exposure to UVB radiation has not been reported, as cholecalciferol is degraded in a UV-dependent reaction into inert compounds (Stanford, 2006b ).
Nevertheless, care should be taken with the provision of artificial UVB-light due to other dangers as tissue and DNA damages (e.g., photokeratitis and photodermatitis).
Although this data scarcity include penguins, the American Zoo and Aquarium Association (AZA) Penguin Taxon Advisory Group (Crissey, Slifka, & McGill, 2005) suggested that penguins do not need calcium or vitamin D supplements, given that the content of calcium in whole fish and krill (0.9%-6.4% DM) is higher than the required minimum calcium concentration of 0.8% DM. However, metabolic bone disease (MBD) was reported in captive juvenile Humboldt penguins (Spheniscus humboldti) kept indoors (Adkesson & Langan, 2007) . To the authors' knowledge, no values for iCa and 1,25-(OH) 2 -D exist for any species in the order Pygoscelis.
The object of this study was to investigate the effect of UV- 
| MATERIAL SANDME THODS

| Animalsandhousing
The study was conducted at two different zoological facilities housing gentoo penguins in permanent indoor enclosures without measurable UVB irradiance. Animals at both facilities had no access to natural sunlight. At facility 1, artificial light imitating the seasonal variation in the natural habitat was provided, and the light intensity was altered as in nature by clouds. Artificial rain was provided regularly. The air temperature was constant at 8°C, and the water temperature at 6°C during winter and 8.5°C during summer. At facility 2, artificial light was provided during the study period from 06:00 to 18:00 hours and a machine producing artificial ice was running constantly. The air temperature was constant at 10°C, and the water temperature at 7.5°C.
The subjects at facility 1 were ten healthy adult gentoo penguins (six males and four females) ageing from 8 to 18 years (median 9.5 years), and at facility 2 fourteen adult gentoo penguins (six males and eight females) ageing from 4 to 22 years (median 9 years).
| Nutritionandnutritionalanalysis
At both facilities, fish were stored at −21°C for an average of one to 2 months and thereafter defrosted in the cold storage room at 6-8°C and fed within 24-48 hr. The average diet consumed was calculated from the measured total amount of fish fed to the whole group during 21 days at facility 1 and 11 days at facility 2, respectively, with the presumption that every animal ate the same amount of each fish species (Table 1) . Both facilities fed twice a day, while facility 2 inserted a fasting day every week. Penguins from facility 1 consumed an average of 418 g fish per animal and day with an individually fed vitamin D supplement (1,000 IU/animal and day, Aquaminivits, Zoovet Products, West Yorkshire BD21 4NQ, UK), 
| Studydesign
The study was conducted with the permissions of the offi- Note.
a Calculated from the total amount of fish fed to the whole group of penguins, presuming that every animal ate the same amount of each fish species. during 26 days by installing seven UV-lamps (UV-compact 26W 10.0, X-Reptile, Winterthur, Switzerland) with reflector shields in the exhibition enclosure above the main resting spots of the animals. UVB irradiance was not equally distributed in the enclosure, ranging from no detectable in the corner to a maximum under the lamps in the middle of the enclosure of 5 μW/cm 2 at ground level and 8 μW/cm 2 at animal level, which was defined as 40 cm above ground. The animals had free access to the pool. During the first 7 days, the exposure time was continuously extended from 1 hr to the final 8-9 hr to allow the animals to get used to the UV-lamps. The final daily radiation dose at animal level varied depending on the location from 0 to 260 mJ/cm 2 .
At facility 2, no additional supplements were fed during the study period (Baseline). During the 21 days of the study period (UVB) four opportunistically selected animals (1.3) were separated in the quarantine area, where UV-light was provided by four identical UV-lamps measuring a constant irradiance of 7.0 μW/cm 2 at ground level and 9.0 μW/cm 2 at animal level equally distributed in the whole area.
After continuously prolonging the exposure time during the first 7 days, the lamps were switched on 6 hr per day resulting in a radiation dose of 194 mJ/cm 2 at animal level for the subsequent 14 days.
| Bloodsamplingandbiochemistryanalyses
The animals were manually restrained in ventral recumbency and blood was taken from the dorsal coccygeal vein (V. coccygealis dorsalis) using a 3 ml blood gas analysis syringe (BD A-Line TM , syringe containing 80 units of heparin, Becton Dickinson GmbH, Heidelberg, Germany) with a 21 or 22 G needle.
Concentrations of iCa were determined immediately on site using a portable analyser iSTAT with EG7 + cartridge (Axonlab, (Hymoller & Jensen, 2011) . Plasma concentrations of 1,25-(OH) 2 -D were analysed by radioimmunoassay (RIA), a method already used in chickens (Lietzow et al., 2012; Sedrani, 1984) or African grey parrots (Psittacus e erithacus; Stanford, 2007) .
| Statisticalanalyses
Statistical analysis was performed using the software R 3.3.0 (R Core Team, 2016) . Regarding the small sample size, descriptive statistics are presented as median (range). The association of blood parameters with study (compared to study period (Baseline), sex and age was evaluated using a mixed effect model (R package "nlme") with individuals as random effect (Pinheiro, 
| RE SULTS
| Nutrition
The vitamin D content in fish varied between species and between the facilities, ranging from no measurable in capelin to 7,340 IU/kg in herring at facility 2 ( 
| Facility1
All penguins were healthy on the three clinical examinations during For all measured blood parameters, details for the significant results of the mixed effect model are shown in Table 2 and for the significant intraindividual differences between the different study periods in Figure 2 .
| Facility2
All penguins were healthy on all clinical examinations during the study. Body weights were 5.7 (4.4-6.9) kg at the end of study period (D), 5.6 (4.3-6.6) kg at the end of study period (Baseline) and 5.2 (4.9-5.3) kg for the four separated animals after the study period (UVB). Table 2 and for the significant intraindividual differences between the different study periods in Figure 3 .
| D ISCUSS I ON
In the presented study, plasma concentrations of 1,25-(OH) 2 -D at both facilities were not influenced by any analysed factor, whereas Group Handbook (Bernard, 1997) , the vitamin D intake per animal and day at facility 1 would still be nearly nine times lower than at facility 2. Few studies on the vitamin D content of whole fishes exist.
25-OH
It can be influenced by area or time of capture, species, total lipid content, age, gender, stage of life cycle (Bernard, 1997; Stancheva et al., 2010; Worthy, 2001) as well as by transportation, storage and thawing practice. Nevertheless, several studies showed that there were no significant losses of vitamin D in different fish species after cooking or freezing up to 9 months (Dobreva, Merdzhanova, & Stancheva, 2013; Mattila, Ronkainen, Lehikoinen, & Piironen, 1999; Sahari, Ahmadnia, Barzegar, & Noorolahi, 2014) . In contrast, the vitamin D content in mackerels and sauries was reduced by solar drying (Suzuki, Hayakawa, Wada, Okazaki, & Yamazawa, 1988) . The AZA Nutrition Advisory Group Handbook (Bernard, 1997) Assuming an average of 25% DM of the diet, this calculates to a proposed vitamin D content of 125 IU/kg OM, which is far lower than the observed contents in this study.
The baseline values of tCa and albumin were comparable to the concentrations of free-living gentoo penguins (Ghebremeskel, Williams, Keymer, Horsley, & Gardner, 1989) , and within the reference ranges provided by ISIS (Teare, 2013) . No reference values for gentoo penguins exist for iCa. The range of iCa concentrations in this study was similar to slightly lower to the concentrations obtained from captive Humboldt penguins housed indoors (Adkesson & Langan, 2007) . Baseline 25-OH-D values were comparable to the concentrations found in free-living Adélie penguins (Pygoscelis adeliae; Griffiths & Fairney, 1988) , but about ten times higher than values reported for clinically healthy Humboldt penguins (Adkesson & Langan, 2007) , and also higher than in healthy marabou storks (Leptoptilos crumeniferus; Schaftenaar & van Leeuwen, 2015) or thickbilled parrots (Rhynchopsitta pachyrhyncha; Howard, Kass, Lamberski, & Wack, 2004) . In contrast, baseline concentrations of 1,25-(OH) 2 -D found in this study were about four to six times lower than in growing white Leghorn chicks (Sedrani, 1984) or in marabou stork fledglings (Schaftenaar & van Leeuwen, 2015) . No values are reported in the order Sphenisciformes. As whole fishes contain adequate levels of calcium, there might be a lower need of this most active vitamin D metabolite for the up-regulation of the calcium metabolism in penguins. The concentrations of both vitamin D metabolites measured at facility 2 were higher than at facility 1. The most likely explanation for these findings is the vitamin D content of the diet. As the synthesis of 25-OH-D is rarely regulated, its blood concentrations correlate well with dietary vitamin D intake (Stanford, 2007) . This has also been shown in different studies in poultry (Jiang et al., 2015; Lietzow et al., 2012; Tsang & Grunder, 1993) . In contrast, an increase of 1,25-(OH) 2 -D, which has a slow and well-regulated synthesis, could only be observed in white Leghorn hens when supplementing 1,100 IU vitamin D/kg (27.5 μg/kg) to a vitamin D free diet, whereas doubling the vitamin D supplementation did not further increase the plasma concentrations (Tsang & Grunder, 1993) . At the beginning of this study, vitamin D was supplemented routinely at both facilities.
Ceasing this supplementation would therefore expect to decrease the values of the vitamin D metabolites. Nevertheless, values of 1,25-(OH) 2 -D at both facilities were not influenced significantly, and a decrease in 25-OH-D and subsequent fall in tCa could only be observed at facility 2. As vitamin D is fat-soluble, it can be stored in the fat tissue and be mobilized slowly (Stanford, 2006b) . Penguins with higher body fat portion might have a higher vitamin D storage capacity. The blubber in free-living Adélie penguins premoulting or arriving for breeding was 10-17 mm thick (Johnson & West, 1973; Markert & Sladen, 1966) . In marine mammals, higher vitamin D contents in the blubber were found in primarily piscivorous species such as the ringed seals (Phoca hispida) compared to species feeding on invertebrates such as the bowhead whale (Balaena mysticetus; Kenny et al., 2004) . This storage capacity could also lead to a resistance to vitamin D intoxication in animals naturally feeding on a diet rich in vitamin D, as hypothesised in hooded seals (Cystophora cristata; Keiver, Draper, & Ronald, 1988) . Studies in hens showed that it takes 2-7 weeks to deplete body vitamin D stores and become dependent on the dietary vitamin D content (Atencio, Pesti, & Edwards, 2005; National Research Council USA, 1987; Tsang & Grunder, 1993) . It is therefore questionable if 4 weeks without supplementation in this study were long enough to deplete the body stores in gentoo pen- (Griffiths & Fairney, 1988) . It is hypothesised that some marine species rely in nature mainly on vitamin D ingestion (Kenny et al., 2004) . Nevertheless, at facility 1, plasma concen- Woodhouse & Rick, 2016) or African grey parrots (Stanford, 2006b ). In the latter, tCa also increased significantly as 25-OH-D did, but only if fed a diet containing no vitamin D, whereas no increase was observed if fed a diet containing 1,650 IU D/kg.
During the last experimental period (UVB), at facility 1, two females (33,128 and 34,421) showed behaviour that could be related to eggs laid 29 and 40 days later, respectively. They also showed high tCa values, which raises the question if these values were due to the provision of UV-light or mainly due to the onset of the breeding season.
| CON CLUS ION
The findings in this study showed that special care should be taken 
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